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A Low-Valent Molybdenum Nitride: Reduction Promotes 
Carbonylation Chemistry 
Joshua A. Buss, Christine Cheng, and Theodor Agapie*  
 
Toward nitrogen functionalization, reactive terminal transition 
metal nitrides with high d-electron counts are of interest. A 
series of terminal Mo(IV) nitride complexes were prepared within 
the context of exploring nitride/carbonyl coupling to cyanate. 
Reduction affords the first Mo(II) nitrido complex, an early metal 
nitride with four valence d-electrons. The binding mode of the 
para-terphenyl diphosphine ancillary ligand changes to stabilize 
an electronic configuration with a high electron count and a 
formal M–N bond order of three. Even with an intact Mo≡N bond, 
this low-valent nitrido complex proves to be highly reactive, 
readily undergoing N-atom transfer upon addition of CO, 
releasing cyanate anion. 
Transition metal nitrides have received significant attention 
in the context of N2 fixation and N-atom group transfer 
chemistry.[1] N2-derived nitrides often result in thermodynamically 
stable M–N bonds, compensating for the energy needed to cleave 
N2, and requiring forcing conditions to enact further chemical 
changes.[2] A successful strategy for increasing the reactivity of 
metal nitrides is weakening the M–N bonds with a high metal d-
electron count.[3] Indeed, increasing the electron count at the 
metal can concomitantly facilitate metal-centered activation of 
small molecule coupling partners.[3-4] High electron count (d ≥ 4) 
nitrides are uncommon,[3,5] and unknown for early metals. They 
c a n  d is p l ay  en ha n ce d  r ea c t i v i t y ,  in c l ud i ng  n i t r i de  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Envisioned extension of C≡C bond forming methodology to C≡N bond 
construction. 
hydrogenolysis[3,5h] and carbonylation.[3] Though electrophilic 
functionalization—alkylation,[6] protonation,[7] and 
silylation[6a,6f,8]—of terminal nitridos is well represented in the 
literature, redox-coupled transformations are uncommon, despite 
representing an efficient means of using nitrides as N-atom 
building blocks.[9] Herein we report the reduction of a Mo(IV) 
terminal nitride, affording an anionic Mo(II) nitride. This 
nucleophilic nitride, stabilized by metal-arene δ-bonding, is 
competent for nitrogen atom transfer, affording cyanate upon low-
temperature treatment with carbon monoxide (CO). 
 Within the context of C1 feedstock upgrading, our group has 
explored the reactivity of Mo(IV) alkylidyne carbonyl 
complexes.[10] Following two-electron reduction, these 
compounds forge a C≡C triple bond, ejecting the oxyacetylide 
anion and binding N2 (Figure 1). Intrigued by the scarcity of 
literature reports of nitride/CO coupling[3,11] and taking advantage 
of the isolobal relationship between cyanate and oxyacetylide, we 
sought to extend our C–C bond forming methodology to construct 
C–N bonds. 
 A terminal Mo nitride supported by the para-terphenyl 
diphosphine ancillary ligand is accessible via anionic azide 
thermolysis. Treating a deep purple MeCN solution of Mo(II) 
complex 1[12] with two equiv. of TBAN3 (TBA = n-tetrabutyl-
ammonium) precipitates a burgundy powder, the 31P{1H} NMR 
spectrum of which shows a single resonance upfield shifted to 
35.01 ppm (C6D6). The 1H NMR spectrum, consistent with a Cs 
symmetric solution structure, displays two central arene 
resonances—5.93 and 4.43 ppm—suggestive of an η2 metal-
arene interaction. Using a terminally 15N enriched source of azide 
(50%) afforded a product with three resonances in the 15N NMR 
spectrum at 833.09, 137.23, and 62.23 ppm, consistent with a 
terminal nitride motif[7f,13] and a bound azide ligand,[14] respectively 
(2, Scheme 1). 
Scheme 1. Synthesis of Mo(IV) terminal nitrido complexes. 
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Figure 2. Solid state structures of 2, 4, and 5. Anisotropic displacement ellipsoids are shown at the 50% probability level. Select bond distances [Å] and angles [°]: 
2: Mo1–N: 1.641(2), Mo1–N2: 2.140(2), Mo1–Carene(ave.): 2.264(2), ∠N1-Mo1-N2: 106.1(1); 4: Mo1–N1: 1.663(1), Mo1–C31: 2.032(1), Mo–Carene(ave.): 2.496(1), 
Mo1–O2: 2.4822(1), ∠N1-Mo1-C31: 91.9(1); 5: Mo1–N1: 1.728(3), Mo1–Carene(ave.): 2.304(3), N1–K1: 2.732(3), K1–Cphenylene(ave.): 3.239(3), ∠Mo1-N2-K1: 
115.0(1). 
 The structure of the 16 valence e- Mo(IV) nitride 2 was 
confirmed by single crystal X-ray diffraction (XRD; Figure 2). The 
short Mo≡N distance of 1.641(2) Å agrees well with previously 
reported examples of Mo(IV) terminal nitride complexes,[7g,15] and 
the close Mo–C2/C3 contacts, localization of single- and double-
bond character in the ring carbons, and elongated C2–C3 bond 
support the η2 arene binding mode inferred from solution 
spectroscopy. 
 Concerned with undesired reactivity of the bound azide, 
complex 2 was treated with Me3SiOTf (OTf = 
trifluoromethanesulfonate) to enact ligand exchange. Addition of 
two equiv. of the silyl triflate cleanly formed a new species with a 
slightly downfield shifted 31P{1H} NMR resonance (36.42 ppm, 
C6D6) and a marginally downfield shifted 15N NMR signal (842.22 
ppm). A solid-state structure of nitride triflate 3 was not obtained, 
but the similarity of the spectroscopic signature with that of 
precursor 2, the loss of the N3- signals in the 15N NMR spectrum, 
and a single 19F NMR resonance at -76.91 ppm support its 
assignment. 
 Gratifyingly, addition of an atmosphere of 13CO to a magenta 
solution of 3 resulted in a color change to orange and formation 
of an orange precipitate immediately upon addition. The 13C{1H} 
NMR spectrum of this mixture displays a broad resonance at 
244.04 ppm, consistent with 13CO binding and formation of six-
coordinate, 18 valence e-, nitride carbonyl complex 4. Both the 1H 
and 31P{1H} are likewise broad, suggesting a fluxional process 
that is intermediate on the NMR timescale. Multinuclear NMR 
spectroscopy evinces two distinct species at low temperature (-
65 °C) and a single broad set of resonances upon warming 
(25 °C), attributed to interconversion of two isomers via slipping 
of the η2 Mo-arene interaction across the face of the central 
ring.[10a] XRD revealed the structure of 4 as a nitride carbonyl 
complex with these moieties poised cis to one another. The Mo≡N 
bond in 4 remains short at 1.663(1) Å. 
As an isostere of E≡E coupling precursor A, the reduction 
chemistry of 4 was explored (Figure 1). CO binding to 4 is 
reversible,[16] suggesting a more electron deficient metal center in 
4, relative to A.[10] This is corroborated by the IR spectrum of 4 
which shows a CO stretch at 1980 cm-1, 107 cm-1 blue-shifted 
from that of A.[10b] These differences in behavior are likely due to 
decreased covalency of the Mo≡E bond in 4 compared to A. The 
CO lability of 4 necessitates in situ preparation and reaction 
screening; addition of two equiv. of Na[C10H8], the same strong 
reductant used to enact C≡C coupling from A,[10b] led primarily to 
CO loss (3) and decomposition to free phosphine. 
 Stymied by the disparate reduction reactivity of 4 vs. A, 
reduction was explored prior to carbonylation. Treating a thawing 
THF solution of 3 with either Na or K[C10H8] results in a darkening 
and concomitant formation of a C1 symmetric species (Scheme 2). 
Resonances in the 31P{1H} NMR spectrum at 53.73 and -2.04 ppm 
suggest dissociation of one of the phosphine arms of the 
terphenyl ligand, and four distinct signals at 5.85, 5.24, 5.04, and 
5.00 ppm in the 1H NMR spectrum point to an η6 Mo-arene binding 
mode, suggesting formation of an 18 valence e- monophosphine 
nitride complex, 5 (Scheme 2). The 15N NMR of a partially 
enriched sample shows a significantly downfield shifted peak at 
735.63 ppm; though resonating upfield relative to 2 and 3, likely a 
consequence of interaction with the proximal Lewis acidic K ion,[6f] 
this low-field 15N signal indicates maintenance of the ‘terminal’ 
nitrido motif. Terminal nitrides uniformly demonstrate 15N 
resonances several hundred ppm downfield shifted from those of 
imido or ketimide complexes, those in which the M–N bond order 
has been lowered.[6f,17] 
 Complex 5-K crystallizes from benzene as a tetrameric N4K4 
cubane (Figure S39); each of the four equivalent units is 
comprised of an anionic nitride (Figure 2). Species 5 represents 
the first example of a formally Mo(II) anionic nitride.[18] Consistent 
with the spectroscopic data, one phosphine arm dissociates upon 
reduction. The Mo≡N distance is considerably longer than in the 
Mo(IV) species, at 1.728(3) Å, one of the longer Mo-nitride 
distances reported in the solid-state;[7d,7g] the interactions with μ-
K+ ions in the solid-state likely contribute to the elongation. The 
Mo atoms at the N-vertices of the cube are located ca. 6.5 Å apart, 
c lear ly precluding Mo/Mo interact ions. The potassium 
countercations display close contacts with the nitride (2.733(3) Å) 
and the π-system of one of the phenylene moieties. Attempts to 
2 4 5 
10.1002/anie.201803728
Ac
ce
pt
ed
 M
an
us
cr
ip
t
Angewandte Chemie International Edition
This article is protected by copyright. All rights reserved.
COMMUNICATION          
 
 
 
 
abstract the counterion and form an ate complex have thus far 
b e e n  
Figure 3. Qualitative MO diagram (left) and selected calculated valence MOs 
(right) depicting the Mo/nitride bonding in a truncated monometallic model of 5. 
Isosurfaces are shown at the 0.05 e-Å-3 level and energies (relative to the 
HOMO) are provided. 
unsuccessful, leading to decomposition to intractable mixtures 
comprised primarily of free diphosphine. 
 Terminal nitrido complexes with high formal metal d-electron 
counts (dn, n ≥ 4), which help destabilize the often unreactive M–
N bond, are, to our knowledge, unknown for early transition 
metals. This motivated an investigation of the electronic structure 
of a monometallic model of 5 and its precursor, 3. The bonding 
situation of square pyramidal precursor 3 is analogous to that of 
its Mo(IV) phosphide congener.[19] The d-electrons occupy a Mo 
oribital of 𝑑#$ parentage that is strictly non-bonding with respect 
to the nitride, permitting the formal Mo≡N triple bond. Upon two 
electron reduction, in this geometry, the 𝑑#%  and/or 𝑑$%  orbitals 
(Mo≡N π*) would become occupied with two electrons, lowering 
the formal Mo–N bond order and likely making this complex 
unstable/unisolable. 
 The hemilability of the terphenyl diphosphine ancillary ligand, 
however, allows for a change in binding mode that avoids 
population of orbitals that are strongly antibonding with respect to 
the Mo–N interaction. The structure of 5 provides two low-energy 
d orbitals (𝑑#$ and 𝑑(#'($'), HOMO-1 and HOMO, Figure 3) that 
are largely non-bonding with respect to the nitride ligand. These 
orbitals exhibit significant δ-bonding character with the central 
arene, further lowering their overall energy. Phosphine arm 
dissociation likewise stabilizes 5, reducing the Mo–P σ* character 
of the d-orbitals orthogonal to the Mo≡N vector, and providing 
orbital(s) to accept the additional electrons. In this context, the  
Scheme 2. Anionic nitride synthesis and N- group transfer reactivity. 
electronic structure of 5 more closely matches that of axially 
distorted late transition metal nitrido complexes than that of high-
valent terminal Mo nitrides in the trigonal or tetragonal ligand 
field;[20] furthermore, the hemilabile basal arene ligand acts to 
further stabilize the occupied d-orbitals. 
 Another salient feature of the electronic structure of 5 is the 
high energy N-based lone pair (HOMO-2, Figure 3). Anticipating 
that this would render 5 highly nucleophilic, a THF solution of 
anion 5 was treated with 1 atm. of 13CO at low temperature 
(Scheme 2). Upon warming to room temperature, three signals 
were observed in the 13C{1H} NMR spectrum at 242.6, 220.7, and 
213.9 ppm (2J(P,C) = 14.6, 9.4, and 9.4 Hz, respectively). These 
resonances correlate to the known carbonyl complexes C and D, 
corroborated by observation of peaks in the 31P{1H} NMR 
spectrum at 81.6 and 50.7 ppm, respectively.[12] Formation of C/D 
necessitates complete denitrogenation; removal of solvent and 
analysis of the resulting residue in D2O confirms the formation of 
cyanate anion as a triplet centered at 129.3 ppm (1J(13C,14N) = 
10.8 Hz, 14N I = 1 [99.6%]) in the 13C{1H} NMR (Figure 4).[11a] The 
N- abstraction observed upon treatment of 5 with CO supplements 
examples of Mo(II) imido complexes capable of isocyanate 
formation,[21] but represents the first instance of nitride transfer to 
CO on Mo. Similar to a tris(anilide) supported anionic V nitride,[11a] 
5 spontaneously releases the cyanate ion (likely due to the 
concomitant 2 e- reduction of Mo), albeit forming a mixture of 
carbonyl complexes as the terminal products. 
 Reported examples of nitride/CO coupling favor a 
mechanism invoking electrophilic attack by CO at N.[3,11a] Though 
this is likely the case in d0 metal complexes, the low valency and 
coordinative unsaturation of 5 could favor CO binding prior to 
coupling.[11e] Experiments detailing the elementary steps of C–C 
coupling in a related system were consistent with reduction prior 
to electrophilic attack from a Mo(IV) carbide carbonyl complex.[10a] 
Analogously, CO binding and phosphine arm coordination from 5 
would provide the nitride congener, which may likewise be prone 
to electrophilic attack at N (Scheme S1). However, the inability of 
4, with a pre-installed CO ligand, to form significant amounts of 
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NCO- upon reduction,[22] suggests otherwise. Both a mechanism 
that involves CO binding prior to intermolecular CO electrophilic 
attack (Scheme S1, ii) and one that invokes CO binding and 
intramolecular insertion (Scheme S1, iii), share a common 
intermediate, the direct product of the 2 e- reduction of 4. Studies 
to elucidate the coupling mechanism and exploration of additional 
redox-coupled nitride group transfer reactions are ongoing. 
 In summary, reactivity toward coupling of a terminal Mo(IV) 
nitride and CO was induced by pre-reduction of the metal center. 
The resulting low-valent Mo(II) nitride is stabilized by significant 
changes in the ancillary ligand coordination, supporting both four 
d-electrons and a formal Mo≡N bond. This nucleophilic, anionic 
nitride complex reacts with CO at low temperatures to afford free 
cyanate anion. The presented strategy for engendering reactivity 
upon reduction may provide a means for accessing productive 
group transfer reactivity in stereotypically stable early transition 
metal nitrides. 
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